Purpose: Five germline genetic variants (rs116909374, rs965513, rs944289, rs966423, and rs2439302) have been associated in genome-wide association studies (GWAS) with increased risk of differentiated thyroid cancer (DTC), but their role in mortality of patients has not been established. Also, no preoperative marker of the clinical outcome of thyroid cancer had yet been identified. The aim of the study was to investigate the relationship between the variants and overall mortality in patients with DTC.
Introduction
Differentiated thyroid carcinomas (DTC) constitute the most prevalent group of thyroid cancer. Two major histological subtypes: papillary (PTC) and follicular (FTC) thyroid carcinomas account for approximately 80% and 15% of all cases, respectively. DTC is generally considered a disease of low mortality as 90% of patients survive 10 years or more. Still, a significant number of patients die within first few years regardless of treatment, which usually consists of total or near total thyroidectomy, central or centrolateral neck lymphadenectomy, followed by thyroid ablation using low (30 mCi) or high (100-250 mCi) radioiodine ( 131 I). All efforts are made to identify clinical or molecular markers characteristic for the patients with poor prognosis that would allow for offering them with a more aggressive therapy (1) . Several factors have been described; unfortunately they are either of low effect like male sex and older age, or cannot be determined prior to the surgical treatment, like tumor angioinvasion, capsule invasion, or BRAF somatic mutation. Distant metastasis, the strongest indicator of poor prognosis, usually protrudes later. In a search of pretreatment clinical markers determining the poor prognosis of patients with thyroid cancer, we tested the impact of five inherited polymorphisms on overall survival. All five markers (rs116909374, rs965513, rs944289, rs966423, and rs2439302) have been previously shown by genome-wide association studies (GWAS) to increase the risk of differentiated thyroid cancer; however their impact on the clinical outcome has not been established (2) (3) (4) .
Several large case-control studies, including hypothesis-free GWAS, have convincingly demonstrated genetic factors predisposing to DTCs (2) (3) (4) (5) (6) . Still, there are no data showing the effect of SNPs on the survival rates of patients with thyroid cancer. Recent studies showed that somatic mutations are important predictors of the clinical outcome, as two nucleotide substitutions within the promoter of telomerase reverse transcriptase TERT gene were shown to occur with higher frequency in highly aggressive thyroid carcinomas (7, 8) . Another recent study proposed the well-known BRAF V600E mutation as a determinant of the cancer-related mortality of patients with PTC (9), possibly due to its involvement in the radioiodine treatment response. However, the same study revealed that the significance of the association between BRAF V600E and PTC-related mortality is lost when the survival model includes other determinants like lymph node metastasis, extrathyroidal invasion, and distant metastases. Similarly, many other studies failed to prove such association (10) .
In our previous study, we revealed a cumulative, additive effect of rs116909374, rs965513, rs944289, rs966423, and rs2439302 on the thyroid cancer risk (4) . Because the influence of polymorphic variants on the overall survival has never been established, we analyzed the association of these SNPs with the mortality of patients with thyroid cancer. This is significant, as in contrary to somatic mutations, germline variants can be prognostic markers of clinical outcome prior to treatment.
Materials and Methods

Study patients
Patients eligible for the study included 1,836 patients from northern and central Poland, treated and followed up at the Maria Skłodowska-Curie Memorial Cancer Center-Institute of Oncology in Warsaw (Warsaw, Poland), during the years 1990-2013. Two pathologists, based on World Health Organization criteria, confirmed the diagnosis of DTC. Patient treatment consisted in a total or near-total thyroidectomy followed by radioactive iodine ablation and thyrotropin suppression. Follow-up or survival time indicates the time from the initial thyroidectomy to patient's death or, if the patient stayed alive, to the July 1, 2014, when the survival data were confirmed at the Polish Ministry of Internal Affairs. The demographic and clinical information, including pathologic characteristics and median follow-up time of specific subgroups of patients, are summarized in Table 1 .
Study design
The study was conducted on the basis of genotyping data and retrospective clinical data of the patients treated for thyroid cancer in a single comprehensive cancer center, the Maria Skłodowska-Curie Memorial Cancer Center-Institute of Oncology in Warsaw. The Institutional Review Board has approved the study and all subjects gave written informed consent before participation. Genotyping of the five analyzed SNPs (rs116909374, rs965513, rs944289, rs966423, rs2439302) in blood-derived DNA of patient with DTC was performed using the Sequenom technology, as described previously (4), and clinicopathologic data were collected during medical examinations as well as from medical archives.
Statistical analyses
Patient mortality was determined by dividing the number of deaths by the number of patients in each analyzed group. The mortality rates within each genotype were compared using the Fisher exact test. The number of deaths was divided by the sum of total follow-up years to produce the rates per person-year, and the 95% confidence intervals (CI) were calculated using the Poisson regression. The general genotype-dependent survivals were estimated and compared using the Kaplan-Meier survival curves, logrank tests, and Cox proportional hazard regression analyses that censored patients at the time of the database inquire (July 1, 2014) or the follow-up period of 20 years. Proportional hazards regressions were adjusted by stratification for age at diagnosis (<45 and !45 years old) and sex using the counting process formulation of Andersen and Gill (11) . Subgroup analyses were not adjusted for multiple comparisons and should be considered exploratory. All P values are 2-sided and significance was set at P < 0.05. All statistical analyses were performed using the R software package version 3.0.2.
Results
Relationship between 5 GWAS-derived variants and overall mortality
The study included 1,836 patients (1,643 women and 193 men) with a median age at diagnosis of 48.6 years (interquartile range, 38-57 years) and an overall median follow-up time of 8.7 years (interquartile range, 5-12.5 years). The frequencies of each genotype in the 5 GWAS variants: rs116909374, rs965513, rs944289, rs966423, and rs2439302 are provided in Table 1 . The overall mortality of all cases was 4.63% (85 of 1,836). There were 53 deaths among cases with conventional variant of PTC (3.71%), 15 deaths among follicular variant of PTC (6.17%), 10 deaths among patients with FTC (6.94%), and 7 with insular FTC (35%). Mortality percentages and deaths per 1,000 person-years for all 5 genetic variants are reported in Table 1 .
Among the five variants, rs966423 was associated with increased mortality reaching 6.4% (33 of 518) in TT-carriers versus 3.7% (47 of 1,259) in CC-or CT-carriers (P ¼ 0.017; Table 2 ). Deaths per 1,000 person-years were 6.81 (95% CI, 4.69-9.56) in TT-carriers versus 4.01 (95% CI, 2.95-5.34) in CC/CT-carriers; the HR was 1.6 (95% CI, 1.02-2.49; P ¼ 0.038) after adjustment for age at diagnosis and sex. After dividing patients according to the histopathologic variants with lower numbers of cases and deaths in specific subgroups, no significant results were observed
Translational Relevance
The study shows that a naturally occurring variant (rs966423) reported in genome-wide association studies (GWAS) as predisposing to thyroid cancer is associated with a significant increase in overall mortality of patients with thyroid cancer and importantly remains valid after adjustment for sex, age, lymph node metastasis, extrathyroidal invasion, angioinvasion, and distant metastasis [adjusted HR, 1.89; 95% confidence interval (CI), 1.14-3.13; P ¼ 0.014]. The impact of the rs966423 variant is even more significant when combined with other clinicopathologic risk factors, for example, lymph node metastases (HR, 3.47; 95% CI, 1.16-10.4, P ¼ 0.018). Contrary to BRAF mutation and other somatic changes putatively associated with patients' mortality, the status of germline rs966423 is known before the treatment and might be used in the management of mortality risk by means of modification of therapy; nevertheless, it requires further investigation in large prospective studies before it is ready for clinical application. The independent association of clinical factors and rs966423 with increased overall mortality We observed a significantly higher risk of death associated with several factors that are known to increase the mortality of patients with thyroid cancer, including male gender, age older than 45 years, tumor size > 30 mm, lymph node metastases, distant metastases, angioinvasion, and extrathyroidal invasion (Fig. 1) . In the multivariate model, comprising such factors as sex, age, lymph node metastasis, distant metastasis, extrathyroidal invasion, angioinvasion, and rs966423, the increased mortality was independently associated with only four factors: age older than 45 years (HR, 11.97; 95% CI, 4.73-30.26; Wald P ¼ 1.56e-07), extrathyroidal invasion (HR, 1.8; 95% CI, 1.03-3.16; Wald P ¼ 0.04), distant metastasis (HR, 9.24; 95% CI, 4.57-18.66; Wald P ¼ 5.85e-10), and rs966423 (HR, 1.89; 95% CI, 1.14-3.13; Wald P ¼ 0.014). The association was not significant for sex (P ¼ 0.674), lymph nodes metastases (P ¼ 0.228), and angioinvasion (P ¼ 0.054; Table 3 ).
Interaction between rs966423 and clinical factors in shaping the overall mortality Rs966423 modifies the mortality risk associated with several conventional clinicopathologic risk factors, including age, angioinvasion, extrathyroidal invasion, and lymph node metastasis (Table 4) . Importantly, the HRs remained statistically significant also after adjustment for age and sex. The differences in overall mortality in patients with the rs966423 risk genotype coexisting with various clinicopathologic factors were reflected in the Kaplan-Meier survival curves ( Fig. 2A) .
In patients with angioinvasion, the deaths per 1,000 personyears were 17 Fig. 2A) .
In patients older than 45 years who carry the rs966423 risk genotype (TT), deaths per 1,000 person-years were 11.18 (95% CI, 7.6-15.88) as compared with 6.5 (95% CI, 4.69-8.79) in patients older than 45 years without the risk genotype (adjusted HR, 1.66; 95% CI, 1.04-2.65; log-rank P ¼ 0.03; Table 4 , Fig. 2B ). In patients older than 65 years who carry the rs966423 risk genotype (TT), Fig. 2B ).
Discussion
Several germline changes have been reported to predispose to DTC, including variants in microRNA-146a, ATM-CHEK2-BRCA1 pathway, TERT gene, and 5 SNPs pinpointed by GWAS study (2) (3) (4) (5) (12) (13) (14) (15) . So far, no study revealed the influence of germline (inherited) variants on the overall mortality of patients with thyroid cancer.
Analyzing the relationship between the 5 GWAS-derived variants and overall mortality of patients with thyroid cancer, we found the association of rs966423 with increased risk of death. As such, this study reveals the first genetic marker allowing for assessment of the clinical outcome of DTC prior to the surgery.
The rs966423 polymorphism was previously associated with thyroid-stimulating hormone levels and genetic predisposition to PTC in different populations (2, 4, 16) , but its effect on the clinical outcome of cancer was unknown. The SNP is located within the DIRC3 gene found to be associated with renal cancer (17) , but the data on its biologic role are still lacking. Although our previous study showed that the more common C allele predisposes to thyroid cancer (4), this study revealed that the rare T allele is associated with worse prognosis of patients with thyroid cancer. This is a common observation that different alleles of the same gene are associated with predisposition to cancer (initiation) or its clinical outcome (progression), as most recently shown by Zhao and colleagues (18) .
In our cohort of 1,836 patients with DTC, the overall mortality amounted to 4.63% (85 of 1836) and, as expected on the basis of other clinical data, was significantly higher in patients with FTC (6.94%) and insular FTC (35%) compared with patients with PTC (3.9%). We replicated well-documented findings that extrathyroidal invasion, lymph node and distant metastases, as well as angioinvasion are risk factors leading to increased mortality of patients with cancer (19) (20) (21) . Our results supported also the wellestablished impact of age on the outcome of thyroid cancer (22) . In a study by Jonklaas and colleagues, the authors showed that the risk of death due to PTC was significantly lower in female than in male patients (HR, 0.40; 95% CI, 0.24-0.65, P < 0.001) but concluded that this advantage reflected a generalized gender survival advantage seen in the U.S. population (23) . Moreover, after adjustment for the disease stage and age, women's outcomes were similar to men's. In our work, analyzing all conventional clinicopathologic risk factors in one multivariate model, we received comparable results. This analysis showed no survival advantage or disadvantage associated with sex; however, such factors as age older than 45 years, extrathyroidal invasion, and distant metastasis were all independently associated with worse Log-rank P = 0.015
Log-rank P = 0.036 Log-rank P = 0.036 Log-rank P = 0.036
Log-rank P = 0.027 prognosis. In the same analysis, we obtained positive results for the rs966423 variant, for which the overall mortality in TT-carriers was almost doubled (6.4% vs. 3.7%) compared with patients who were heterozygous or homozygous for the C allele (Fig. 1) . In addition, the variant showed a significant additive interaction with several conventional risk factors including angioinvasion, lymph node metastasis, extrathyroidal invasion, and stage IV of the disease in tailoring the overall mortality of patients with thyroid cancer. For example, in patients with angioinvasion or distant lymph node metastasis, deaths per 1,000 person-years were 3.3-or 3.8-fold higher, respectively, in TT-carriers as than in CC/CT-carriers. Of note, all the HRs remained statistically significant also after adjustment for age and gender. Interestingly, the analysis revealed that the overall mortality rates do not differ between patients with stage I, II, and III of thyroid cancer. It is only stage IV that significantly increases mortality by the mode of 4.3-fold compared with patients with lower stages of cancer. This observation is consistent with a number of other long-term observations indicating that staging is not an ideal indication of patients' survival (24) .
The main strength of this study is a large number of analyzed patients who were treated in the same comprehensive cancer center, thus the overall outcome is free from the intercenter bias resulting from different treatment approaches. Also, all the samples were genotyped in a single experiment, thus the results are fully comparable. The presented results are therefore obtained in a coherent and fully controlled study. The most important finding of the study is the impact of rs966423 on the mortality of patients with thyroid cancer. Of note, although the C allele was associated with increased risk for PTC development, it is the T variant that doubles the overall mortality among patients with thyroid cancer.
The main limitation of the study is lack of validation cohort. Unfortunately, the study of the overall survival in cancers with low mortality requires especially large cohort with long enough observation time, and such cohort of patients with DTC is not available.
To our knowledge, the rs966423 variant is the only genetic risk marker whose clinical significance is still valid after adjustment for sex and age at diagnosis, as well as for lymph node metastasis, extrathyroidal invasion, angioinvasion, and distant metastasis in multivariant analysis. Contrary to BRAF mutation and other somatic changes putatively associated with patients' mortality, the status of germline rs966423 variant is known before the surgery and might be used in management of mortality risk by means of modification of therapy, nevertheless it requires further investigation in large prospective studies before it is ready for clinical application.
